An experimental study was performed in order to determine the influence of the sequence of operations on the effectiveness of Laser Shock Peening (LSP) treatment in increasing the fatigue performances of open-hole aluminium specimens.
Introduction
Laser shock peening (LSP) is a relatively recent technique used for the insertion of compressive residual stresses in metallic materials. Since its beginning in the 1960s [1] its benefits have been proven for different engineering materials (steel [2] [3] [4] , titanium [5] [6] [7] [8] and aluminium alloys [9] [10] [11] [12] ).
LSP uses laser generated shock waves to insert compressive residual stresses in treated specimens. High power density laser beam hits the surface of the specimen to be treated. Locally, the laser creates a high pressure plasma that, contained by a thin layer of water flowing on the specimen surface, generates a pressure weave toward the thickness of the specimen. As a consequence of the plastic deformation of the material induced by the pressure wave, compressive residual stresses are established in the LSP treated specimen. A good overview of the LSP technology, its principles and applications can be found in Refs. [13] and [14] .
There are two different approaches to the problem; one uses high energy laser pulses (up to 100 J) combined with the protective coating, while other, called laser peening without coating (LPwC) [15] uses lasers with lower energies (order or few Joules), higher overlapping of laser peens and no coating. The latter approach has been used in this work.
The lasers used for LSP treatment are usually Q-switched systems, Nd-glass or Nd-YAG type, with wavelength of 1064nm and pulse duration range of 10-100 ns [13] . The power densities used for the process go up to 10GW/cm 2 ; increasing the power density beyond this level does not bring additional advantages due to dielectric breakdown of confining water that limits the peak pressure of plasma developed by the process [16] .
In the case of LPwC, shorter wavelength lasers (532 nm) are used as well [15] . In this case, the pulse duration is up to 10 ns and lasers usually have lower output energies. In order to obtain comparable power densities as in the case of LSP treatment with coating, smaller laser peen spots are used.
However, in the case of treatment of thin sheets made of ductile materials, such as aluminium alloys, particular attention is necessary due to the fact that incorrect process setup can create detrimental effects on the fatigue performances of the treated specimens. In fact, there are relatively few works that deal explicitly with the application of LSP technology on thin aluminium specimens. Yang et al. inRef. [17] describe the application of LSP on thin specimens in Al 2024-T3 with the presence of fastener holes. In this case, the treatment was performed on both sides simultaneously in order to avoid distortions and beneficial effects on fatigue lives were found. Similar investigation is reported in Ref. [18] , in which the authors describe the use of LSP for suppressing the fatigue crack growth of Al alloys with various preexisting notch configurations (fastener hole, an elliptical hole, one and three in-line crack stopholes and single-edge notch). Toparli and Fitzpatrick in Ref. [19] describe the application of LSP on thin 2024-T3 aluminium specimens, giving the obtained residual stresses for different process setups. In this case, the treatment was performed on one side of the specimen, only. They conclude that a correct setup in the case of the treatment of thin aluminium specimens is crucial. In all of these works cited, the used LSP approach was the one with protective coating, big laser peen spots (several square millimeters) and high energy lasers, while in the work presented here, low energy laser with high peen overlapping and no protective coating was used.
Previous work done by the authors on the subject of the application of LSP treatment on thin, open-hole specimens [20] with LPwC approach has proven that the LSP effect on fatigue life of treated specimens can be detrimental, if the process is not properly optimized. In fact, it was shown that the capability of the LSP to introduce compressive residual stresses around fastener holes in thin-walled structures representative of typical aircraft constructions was not superior to the performance of conventional techniques, such as cold-working. Cold-working inserts locally residual stresses inside the hole, while this is not the case of LSP, in which only the surface of the specimen is compressed; however in the latter case it is possible to treat much wider areas around the hole, influencing potentially not only the crack nucleation, but its propagation, as well.
The encountered reduced performance of LSP can be attributed to different factors, including the fact that the treatment was performed on the specimens with an open-hole already present. This was not an issue in the works [17] and [18] in which laser peens were much bigger than the fastener holes, however in the case reported here relatively small peen size in respect to the dimension of the hole can cause unwanted effects. In fact, it was shown in Ref.
[20] that the effect of the presence of the hole introduced unwanted tensile residual stresses at the inner side of the hole, causing the premature fatigue failure of the specimens in the investigated LSP configuration.
Therefore an additional experimental campaign on the specimens in 6082-T6 was defined in order to highlight the importance of the sequence of operations in the LPwC configuration, which are the drilling of the hole and the LSP treatment.
Experimental setup
The specimens used for the present research were dog-bone specimens, obtained from 3 mm thick sheet of Aluminium alloy 6082-T6 (Fig. 1) .
Dog-bone specimens were prepared using a CNC machine and subsequently LSP treated at the Polytechnic University of Madrid, using the laser with characteristics described in Table 1 . The peen overlap was 625 peens on square centimeter, with circular peens of 1.5 mm in diameter. The experimental setup is illustrated in Fig. 2 .
When thin specimens are laser peened, they are usually fixed rigidly to a backing plate in order to avoid unwanted shock wave reflections on the back side of the specimen. However, this rigid fixing can cause undesirable local variation in residual stresses introduced in the specimen.
Therefore, it was decided to fix the specimen in two points only, allowing it to deform freely, in combination with short impulse times that in fact ensure elastic shock reflection on the back side of the treated specimen.
Residual stresses inserted by the LSP treatment were measured at Elettra Synchrotron facility, MCX Beamline, in Trieste, Italy. The residual stresses were measured at the edge of the open hole, for the two different types of specimens (specimen LSP treated with pre-existing open hole, i.e. hole before, and specimen with the hole drilled on the LSP treated area, i.e. hole after).
Fatigue tests were performed at R ratio of 0.1 for maximum nominal stresses ranging from 120 MPa to 160 MPa. Additional tabs were bonded to the clamped sides of the specimens in order to avoid fretting fatigue damage. A total of 15 specimens was tested; five for each case (hole before, hole after, baseline). Even if five specimens are not sufficient for constructing a statistically significant S-N curve, the trends obtained from fatigue testing are very clear.
An analysis of fracture surfaces of the two types of specimens ("hole before" and "hole after") was performed at the University of the Witwatersrand, South Africa, using a Scanning electron microscope (SEM) FEI NOVA 600 NanoLab.
Results

Residual stress measurement
The obtained results relative to synchrotron beam energies of 9, 12 and 15 keV are given in Table 2 together with the attenuation lengths, i.e. the depths into the material measured along the surface normal, where the intensity of the beam has dropped to 1/e of its initial value. The actual depth of the measurement is one half of the attenuation length relative to the applied beam energy, i.e. the synchrotron beam needs to enter the material and reflect back to the measuring sensor. A good description of application of synchrotron radiation for residual stress measurement can be found in Ref.
[21].
The results are relative to the residual stresses close to the open hole, in the longitudinal direction of the specimen, i.e. the direction of the fatigue loading, Fig. 3 . It can be seen that the amount of compressive residual stresses is bigger in the case where the open hole is drilled after the LSP treatment, giving the first indications on the positive effects introduced by drilling the hole only after the LSP treatment has been made. Table 3 summarizes the results obtained from fatigue testing, while the same results can be seen graphically in Fig. 4 .
Fatigue testing and fractography
First obvious result of this testing campaign is that drilling the hole after the LSP treatment can indeed increase fatigue lives of treated specimen.
In fact, the LSP treatment is effective in increasing the fatigue performances of the thin open-hole specimens when performed before the hole drilling. On the contrary, when the LSP treatment is performed on the specimens with a pre-existing hole, it is detrimental on the fatigue performances.
The fractographic analysis has shown that in fact, both the "hole before" and "hole after" case present crack initiation points in the mid-section of the thickness of the specimen. Fig. 5 shows the fractographs of the tested specimens for the nominal maximum stresses of 130,140 and 150MPa, respectfully, and the crack initiation point is evidenced with the thick line. It can be seen that for both types of specimens ("hole before" and "hole after") crack initiated beneath the surface of the specimen. 
Finite element analysis
The FEM analysis was performed using a commercial finite element code ABAQUS/Explicit. The aim of this simplified FEM analysis was to obtain the qualitative distribution of residual stresses along the depth of the specimen at the edge of the hole which was difficult to measure experimentally with resources available. The lower compressive residual stresses recorded in the "Hole Before" specimen in comparison with the "Hole After" ones do not justify alone the lower fatigue performances of the "Hole Before" specimens respect to the Baseline.
The approach used for FEM modelling of LSP process defines the behavior of the treated material under shock loading conditions, giving as an input the resulting pressure of the created plasma, rather than modelling the LSP process in its whole, which would increase substantially the complexity of the analysis, and this was the approach used in the present analysis, as well.
The parameters that need to be defined for a simulation of LSP process are the material model and the size and the shape of the surface on which the pressure is applied. The response of the treated material under shock loading, in the context of LSP modelling, is usually described with:
• Hugoniot elastic limit model [22] in which dynamic yield stress and ultimate strength are defined; • Johnson-Cook material model [23] model defined by parameters that take into account the plastic strain, strain rate and temperature change of the material under shock loading. It is important to emphasize that this material model is purely empirical and that the material constants need to be determined experimentally for each application.
In order to define the necessary input parameters for a FEM analysis, laser power density (GW/cm 2 ) and pulse duration (ns) need to be correlated to the properties of the created shock pulse, i.e. pressure pulse intensity (GPa) and its duration (ns). The results in [16] present experimental correlation between these parameters.
The analysis was composed of a loading step in which the laser peen is applied, and a relaxation step, during which the model returns in an equilibrium state. Both the loading and relaxing steps were performed in ABAQUS/Explicit as suggested in Ref. [24] .
The size of the analyzed specimen was 50 mm x 25 mm x 3 mm with an open hole of 5 mm in diameter (Fig. 6) , simulating the central part of the specimen, only. Encastre boundary condition were defined on two edges of the specimen as illustrated in Fig. 6 , simulating the fixing conditions used during the LSP treatment.
The simulated conditions were 2 GW/cm 2 and 10 ns pulse duration on a 8 mm x 8 mm square peen. These process conditions were chosen with the idea of using plausible process setup that could have been used in a hypothetic LSP treatment of thin specimens, maintaining in the analysis the same material model and boundary conditions that would be used in a full analysis that would consider high density of smaller laser peens.
It is important to point out that the performed analysis did not have the aim of simulating actual LSP process used in the experimental part of this work, due to the fact that very high density of laser peens was used which would increase substantially the complexity and the calculation time of the analysis.
In fact, a simplified analysis was performed, simulating one big laser peen only, since the expected result from this analysis was to find the qualitative difference between the "hole before" and "hole after" case.
Two models were considered:
• In the first one the load was applied after the hole was realized.
• In the second one the hole was realized after the LSP treatment simulation, using the model change command available in ABAQUS. This command deactivates the elements that have to be removed, simulating effectively the realization of the hole.
The mesh around the open hole area was denser in respect to the rest of the model, with the element size of about 0.3 mm. The mesh of both the models has been realized using compatible mesh seeds. Total number of elements used is 49,560 CD38R solid 3D elements, 51,920 if the hole is realized after the LSP treatment. Only one laser peen was simulated, with the dimensions 8 mmx 8 mm. This choice reduced to minimum calculation times and allowed to obtain quickly the indications on the differences between residual stress distributions in the two observed cases (drilling of the hole Ref.
[25]
before or after the LSP treatment). The laser peens were simulated one shot at a time, one on each side of the specimen. Loading was defined on a square peen as surface pressure trapezoidal pulse, as reported in 
Residual stresses obtained as a result of this analysis and illustrated in the following figures are o\ (the ones in the direction 1, the direction of fatigue loading), along the depth of the specimen, at the edge of the hole (see directions in Fig. 3 and path in Fig. 6 ). Fig. 7 illustrates the residual stress distributions obtained for the two observed cases.
Even with an extremely simplified simulation of the LSP process as this one, it can be noted that: If the LSP treatment is realized after the hole is drilled, tensile stresses develop inside the hole. This result is in line with the reduction of fatigue life in comparison with the base line specimens. It is also in line with preliminary residual stress measurements done at Elettra Synchrotron and observations from the previous experimental campaign [20] , i.e. the nucleation of the cracks began inside the specimen and not on the surface. If the hole is realized after the LSP treatment, the residual stress distribution is completely in compression. This result supports the experimental findings of increased fatigue life of the dog-bone specimens.
It is also important to compare the residual stress distributions between the as-peened case (the dog bone specimen without a hole) and the one in which the hole is realized after the LSP treatment. In Fig. 8 the redistribution of residual stresses once the hole is realized is clearly visible.
Another consideration is reserved to the case of simultaneous treatment on the both sides of the specimens, as suggested in the literature [17] . In this case, the FEM analysis was performed by simulating the laser peen on both sides of the specimen simultaneously and the results are given in Figs. 9 and 10. It can be seen that the residual stress profiles are symmetric in respect to the center line and, while in the case of the hole + LSP specimen the results are not showing significant difference, Fig. 9 , the case of LSP + hole specimen shows drastically different behavior, Fig. 10 .
Discussion
The practical implications of results obtained in this work is that LSP can be a good solution for "in production" application, in which holes are to be drilled after the LSP treatment. The application in which LSP is used "in service" has proven to be impracticable due to negative effects on fatigue lives that were encountered on the specimens with the hole already present.
Experimental results have indicated compressive residual stresses on the surface of both the types of specimens, and these stresses need to be balanced by tensile stresses beneath the surface. Bearing this in mind, it can be stated that the observed crack initiation points beneath the surface of the specimens are caused by the presence of tensile residual stresses, which are higher in magnitude for the "hole before" case, evidenced by significantly lower fatigue lives.
It is important to point out that the previous research [20] has evidenced that the leaving the "hole before" specimens in aspeened state, polishing them locally inside the hole or polishing them completely, did not show any difference among them in observed fatigue lives. Therefore, the conclusion was that the introduced tensile residual stresses were so high that the effect of the edge of the hole and the roughness of the post-LSP treated surface did not contribute significantly to fatigue results. These residual stresses should be mainly influencing the crack initiation phase, rather than crack propagation phase, due to the progressive relaxation of residual stresses once the crack has formed.
The result of finite elements analysis clearly indicates the importance of the simultaneous peening on both side of the specimen, since treating one side at the time introduces asymmetric residual stress profiles and, furthermore, does not reach the same levels of compressive residual stresses in the mid-section of the specimen, as in two side simultaneous treatment.
Conclusions
From the results presented in this work, it is possible to draw the following conclusions:
• LSP needs to be optimized for every application used, specially when it comes to low thickness specimens.
• The experiments in the LPwC configuration have shown that the sequence of operations plays a crucial role in increasing the fatigue life of the treated specimens.
• If the hole is realized after the LSP treatment is performed on the specimen, the fatigue life increase is up to three times more than the life of the baseline specimens.
• If the hole is realized before the LSP treatment is performed on the specimen, the fatigue life decrease is about two times less than the life of the baseline specimens.
• Fractographic analysis has indicated that for both types of specimens (hole before and hole after), crack initiated beneath the surface of the specimen.
• Given the difficulty of realizing measurement of the residual stress distribution along the hole, a qualitative approach can be realized numerically using a simplified simulation of the LSP treatment.
• The distributions of residual stresses obtained numerically, have indeed evidenced the differences between the results relative to the realization of the hole before or after the LSP treatment, and their nature corresponds to the experimental findings.
• From the numerical activity it can be seen that realizing the LSP treatment one side at the time is not the best option, performing it simultaneously on both sides should give better results in the terms of compressive residual stresses and so, fatigue life.
